■ INTRODUCTION
The enzyme [FeFe]-hydrogenase catalyzes proton reduction and, therefore, the production of molecular hydrogen at high turnover rates (TOF in the order of 9000 s
−1
). 1 Fe 2 (CO) 6 clusters bound to bridging dithiolate ligands have been the subject of intense interest as synthetic models for the active site of [FeFe]-hydrogenase. 2 Variation in the dithiolate ligand backbone and systematic replacement of the carbonyl ligands have been investigated in efforts directed at both better understanding of the biological system and in the search for synthetic catalysts which can reduce protons to molecular hydrogen at reduced overpotentials and increased rates. 
. 4 The three-atom linker between the two sulfur atoms mimics that found in the natural system, and the rigidity of the naphthalene ring stabilized the reduced form of the complex compared with saturated dithiolate ligand-based complexes. Substituents on the naphthalene ring were found to modify the reduction potentials of the complexes and, to a lesser extent, the rate of electrocatalytic proton reduction. On the basis of these findings, more elaborate naphthalene dithiolate based synthetic mimics of [FeFe]-hydrogenase have been prepared. 5, 6 The rigid phenanthrene-based system 2 was subsequently reported to be reduced at less negative potentials than 1a−c, which was ascribed to the greater electron-withdrawing and delocalization properties of the aromatic π-system. 7 Another strategy to increase the catalytic activity of [FeFe]-hydrogenase model systems toward proton reduction is to replace the two sulfur atoms with heavier chalcogens. 8−20 The first examples of diselenolate-based [FeFe]-complexes investigated as synthetic mimics of the enzyme active site were published in 2008 by Peng and co-workers. 9 The N-substituted azapropanediselenolate-bridged [FeFe]-complexes 3a−c showed the same reduction potentials but enhanced reactivity as proton reduction catalysts compared with the corresponding azapropanedithiolates ( Figure 2 ). In the same year, Weigand reported the synthesis and characterization of sugar-based diselenolate [FeFe]-complex 4, which in comparison with the corresponding dithiolate-based complex, was more reactive toward molecular hydrogen production, despite being reduced at more negative potential. 10 In addition, the selenium-based complex showed higher stability over the sulfur analogue upon deacetylation in an approach toward water-soluble catalysts. In 2009, Song reported the synthesis and characterization of the propanediselenolate-based [FeFe]-complexes 5a−d, which again showed better electrocatalytic activity for proton reduction than the corresponding propanedithiolate-based [FeFe]-complexes. 11 Further studies confirmed the general trend that selenium-based systems are often more active catalysts for proton reduction despite being reduced at more negative potentials than their sulfur equivalents. 8 As part of our ongoing interest in the chemistry of perisubstituted dichalcogenides, 21−25 we herein report the synthesis, characterization, and study of new synthetic mimics of the [FeFe]-hydrogenase active site. 26 First, we have expanded the range of naphthalene-1,8-dithiolato-Fe 2 (CO) 6 complexes, synthesizing 1d with two electron-donating groups (OMe) in positions 2 and 7 on the naphthalene ring ( Figure 3 ). Second, to study the effect of the chalcogen on the catalytic properties, we have prepared [FeFe] -complexes based on naphthalene-1,8-diselenolates 6a, 6b, and 6d and naphthalene-1,8-thioselenolates 7a and 7b. In addition, to investigate further the impact of the ligand backbone on the stability of the reduced species, we have synthesized [FeFe] -complexes based on phenanthrene-1,8-dithiolate, 8, and the corresponding diselenolate, 9. The [FeFe]-complexes show reduction potentials comparable with the values for known synthetic mimics 1a−c, 4 with the diselenolate-based complexes 6a,b,d and 9 displaying enhanced catalytic activity for proton reduction compared with the equivalent dithiolate complexes. The novel dialkylated mixed dichalcogen 12b was similarly prepared from 12a. The synthesis of phenanthrene disulfide 13 from 9-bromophenanthrene 33 was modified to prepare the novel phenanthro [1,10- (14) by substituting selenium for sulfur in the quench of 1,10-dilithiophenanthrene.
■ RESULTS AND DISCUSSION
[FeFe]-complexes 1d, 6a,b,d, 7a,b, 8, and 9 were obtained in variable yields by simply refluxing the corresponding dichalcogens 10d, 11a,b,d, 12a,b, 13, and 14 with Fe 3 (CO) 12 in toluene (Scheme 1). In contrast to the original report by Tilley on the synthesis of 1a−c, 4 but consistent with later reports for related peri-substituted naphthalene disulfides, 6,7 the [FeFe]-complexes could be prepared directly through oxidative insertion into the dichalcogen bond without the need to first reduce to the potentially readily oxidized dithiol, thiaselenol or diselenol.
We also attempted to prepare complex 6c, the selenium analogue of dithiolato-complex 1c. Although 3,5,6,8-tetrachloronaphtho [1,8- IR spectroscopy confirmed the insertion of the Fe 2 (CO) 6 into the dichalcogen bond. Infrared stretching vibrations of the carbonyl groups in the [FeFe]-complexes are affected by the nature of the chalcogen (sulfur or selenium), the naphthalene substituents (t-Bu or OMe) and the aromatic backbone (naphthalene or phenanthrene). The wavenumber values for the carbonyl infrared stretching vibrations for 1d, 6a,b,d, 7a,b, 8, and 9 (Table 1 ) are in line with previously reported synthetic mimics which showed the wavenumbers for the carbonyl ligands bonded to the two iron centers in the region 2070− 1800 cm −1 .
3,4
The CO stretching vibrations for selenium compounds are generally shifted to lower wavenumbers compared with the sulfur systems, with the mixed S,Se-complexes showing intermediate values (compare complexes 1a, 6a and 7a, 1b, 6b and 7b, and 1d and 6d, Table 1 ). Selenium is less electronegative than sulfur; hence, the electron-densities at the iron centers are higher when coordinated to the selenium-based ligands thus favoring π-backbonding from the iron centers to the carbonyl ligands and shifting the carbonyl stretching toward lower wavenumber. Similar trends have previously been observed in comparing chalcogens in [FeFe]-hydrogenase mimics. 8 The phenanthrene-based systems 8 (S,S) and 9 (Se,Se) mirror this trend for the highest two wavenumbers, but not for the lower four wavenumbers, which are higher for selenium than for sulfur.
Tilley has previously noted that the electron-donating tertbutyl substituents on 1b cause a bathochromic shift in the IR carbonyl stretching frequencies compared with 1a. 4 The infrared stretches shift toward even lower wavenumbers for the methoxy-substituted naphthalene 1d, suggesting a stronger electron-donating effect than the tert-butyl groups exert in 1b. The same trend is observed for diselenolate-based [FeFe]-complexes 6a, 6b, and 6d, with the exception of the lowest wavenumber, where the opposite trend is seen (Table 1) .
A comparison of naphthalene dithiolate 1a with phenanthrene-based dithiolate 8 shows the additional conjugation in the phenanthrene ring causes a bathochromic shift in the IR stretching vibrations of the carbonyl groups in the sulfur series. The effect in the selenium series is less clear-cut, with corresponding vibrations for diselenolate 6a and phenenathrene diselenolate 9 shifting to both higher and lower wavenumbers.
The UV/vis spectra of the [FeFe]-complexes are shown in Figure S1 (Supporting Information), and the corresponding values for the extinction coefficient are reported in Table S1 (Supporting Information). The optical spectra show the expected intense absorption band in the range 300 and 360 nm (ε = 10 ), attributed either to a π → π* transition from the aromatic backbone or to a charge transfer from the iron centers to the carbonyl ligands. 34, 35 The UV/vis spectra of the dichalcogen precursors were also recorded in acetonitrile ( Figure S1 , Supporting Information). The dichalcogens display similar absorption bands but of lower energies and broadened shapes. 6 For complexes 1d, 6b, and 6d, it is possible to discern a shoulder between 380 and 420 nm (ε = 10 1 −10 2 M −1 cm −1 ), which is consistent with a d−d transition. 7, 34 X-ray Crystallography. The molecular structures of [FeFe]-complexes 1d, 6a,b,d, 7a,b, 8, and 9 were confirmed by X-ray analysis. In the case of 6d the structure, called 6d_DCM, includes a molecule of dichloromethane solvent, with a polymorph not including the solvent given in the Supporting Information. Crystal structures are shown in Figure  S2 (Supporting Information) (6a and 7a), Figure 4 (6b and 7b) Figure S3 (Supporting Information) (1d and 6d_DCM), Figure S4 (Supporting Information) (8) , and Figure 5 (9) , bond lengths and angles are listed in Table 2 , and crystal data and structure refinement details are described in Table S2 (Supporting Information). As a result of problems with the crystal, and thus data quality, the structure determination of 1d is less reliable than the others, and consequently, in the following comments only broad comparisons involving structural parameters from this species are made.
All of the crystal structures possess a dichalcogenide-bridged [FeFe]-core which assumes the typical butterfly architecture and in which the two iron centers are linked to three carbonyl 2016, 1996, 1979, 1822 6b 2057, 2015, 1979, 1970, 1956 6d 2054, 2014, 1970, 1950, 1875 7a 2061, 2020, 1999, 1982, 1958, 1822 7b 2061, 2017, 1980, 1972, 1961, 1940 8 2065, 2028, 1978, 1957, 1946, 1936 9 2055, 2021, 1996, 1976, 1962, 1942 ligands in a distorted square-pyramidal geometry, as previously reported for 1a and 1c. 4 The Fe−Fe bond length for each complex is comparable with those reported in the literature for the active site of [FeFe]-hydrogenase (2.6 Å), as well as the bond length between each iron and each chalcogen (Fe1−S1 = Fe1−S2 = Fe2−S2 = Fe2−S2 = 2.3 Å in the enzyme). 2 The phenanthrene-1,10-dithiolate-based [FeFe]-complex 8 has comparable bond lengths and angles with the data reported for the literature compound 1a in Table 2 , 4 which shows that the extra aromatic ring has minimal effect on the general structure. Similarly, the parameters in 6a and 9 are comparable. The iron−chalcogen bond lengths are longer for selenium than sulfur (compare 1a, 6a and 7a, 1d and 6d_DCM, and 8 and 9 in Table 2 ) as expected on electronegativity grounds. 9 Electron-donating groups (t-Bu, OMe) on the naphthalene ring have little effect on the Fe−X bond length. However, the two bulky tert-butyl groups in the ortho positions on the ring decrease the nonbonding distance between the chalcogen atoms (as seen in the observed values of Se1···Se2 distances for 6a, 6b, and 6d_DCM (3.1939(6), 3.1374(9), and 3.2101(12) Å respectively, Table 2 ). The van der Waals repulsion of the tertbutyl groups also cause a displacement of the chalcogens either side of the naphthalene plane, as seen in the X−C(1)···C(8)−Y torsion angle (Table 2) . 22, 23, 29, 36 This effect is more pronounced for 6b than 7b because of the relative size of selenium and sulfur. A third pronounced effect of the tert-butyl groups is on the alignment of the Fe−Fe bond with the plane of the naphthalene ring. For all of the complexes except 6b and 7b, the Fe−Fe bond is aligned nearly perpendicular to the plane of the aromatic ring system (see Table 2 , angles between planes 1 and 2). In comparison, the 2,7-di-tert-butyl naphthalene systems 6b and 7b are notably twisted by 20°C (see projections in Figure 6 ), slightly more for 6b (68.91(9)°), containing two selenium atoms, than 7b (71.4(2)°), containing one selenium and one sulfur. The disruption of symmetry in 6b could help explain its anomalous electrochemical behavior (vide infra).
Electrochemical Characterization. , by analogy with data previously reported for similar complexes. 4 The half-wave potentials, E 1/2 , derived from the CVs are all reported in Table 3 , along with literature values for complexes 1a and 1b. . Crystal structure of complex 6b (top) and 7b (bottom) with ellipsoids drawn at the 50% probability level. In 7b the structure contains two crystallographically independent molecules, of which only one is shown and the sulfur and selenium atoms are both disordered over two positions with the minor component having been omitted for clarity. Figure 5 . Crystal structure of complex 9 with ellipsoids drawn at the 50% probability level. The structure contains two crystallographically independent molecules, of which only one is shown.
(except for 1d and 9) is closer to reversible. It has been suggested that the first reduction wave results in a small structural rearrangement, 37 which would both slow electron transfer kinetics and result in a reduced amplitude of the return wave. This rearrangement is unlikely to involve fragmentation of the backbone because an oxidation peak is observed on the return sweep. 7 The oxidation peak currents are difficult to measure because of the difficulty in determining the baseline but in some cases (e.g., compounds 6a,b,d, 7a,b) the ratio of oxidation and reduction peak heights increases on increasing scan rate, indicating that such an EC (electrochemical chemical) reaction does take place. With the exception of complex 9, the product of the second reduction appears more stable (on the time scale of the experiment), which is likely to result from a slower chemical decomposition of that reduction product.
Although accurate determination of E 1/2 values in this type of reaction is difficult it is possible to make qualitative comparisons. Considering compound 1d in relation to compounds 1a and 1b, it can be seen that 1b has the most negative E′ 1/2 for the first reduction process and 1d has a more negative E′ 1/2 than 1a. A more negative E 1/2 indicates that the reduction is thermodynamically less favorable; the electron donating −OMe groups and t-Bu groups destabilize the reduced form of the complex relative to 1a. The products of the electrochemical reduction appear stable, which has been explained for 1a−c to be a result of partial delocalization of the negative charges on the aromatic backbone and a degree of rigidity that prevents dimerization of the reduced forms or fragmentation of the complex. 4 Surprisingly, the replacement of the sulfur atoms with selenium results in a positive shift in reduction potential for each complex a, b, d. The effect of selenium on reduction potential cannot be rationalized by considering its effect on electron density on the iron centers. As seen in the IR data, selenium increases this electron density relative to the equivalent sulfur complex. The higher electron density on the iron centers should make the reduction process thermodynamically less favorable, which would, in turn, cause the reduction to proceed at a more negative potential. 8 Complex 6d is reduced at more negative potentials than 6a, similar behavior to complexes 1d and 1a. However, the first reduction of compound 6b occurs at a more positive potential than that of 6a, which is the opposite trend to that observed for 1a and 1b. The twisted conformation of 6b, evident in the X-ray crystal structure, could contribute to the ease of reduction. The reduction products of the selenolate-based complex 6d appear less stable than those of the thiolate-based complex 1d, in that the oxidation peak current (particularly for 6d) appears smaller than the reduction peak current. Assuming that the diffusivities of the oxidized and reduced forms of the complex are similar, a difference in peak height suggests decomposition of the reduced product, in an EC reaction. Thus, although the incorporation of selenium facilitates the reduction of the iron centers, it has an adverse effect on the complex stability under reducing conditions.
The thiaselenolate-based complexes, 7a and 7b, exhibit reduction waves for the first process in between those of the corresponding disulfur and diselenium complexes, consistent with previous reports. 8, 15, 17, 20 Interestingly, the peak positions 
Fe (1) observed for 7a and 7b are similar, despite the twisted conformation of 7b. However, the oxidation behavior differs, with the oxidation peak position of 7a being substantially more negative than that of 7b.
The phenanthrene-1,10-dithiolate-based complex 8 exhibits a reduction wave at −1.51 V, negative of the corresponding process for compound 1a. In contrast, the reduction of [(μ-PNT)Fe 2 (CO) 6 ] (2 in Figure 2) 7 occurs at a less negative potential than that of the naphthalene equivalent 1a.
Comparison of the behavior of 8 with 2 demonstrates that the addition of an aromatic ring does not necessarily increase stabilization of the reduced form of the complex; rather, the nature of the linkage of the [FeFe]-cluster unit is also important in determining electrochemical properties. The diselenolate equivalent, 9, has a reduction wave centered at −1.39 V, more positive than that of 8, in line with the trends observed for the naphthalene-based complexes. However, the E 1/2 is more positive for 9 than for 6a, indicating that the additional ring does confer relative stability on the reduced form of the complex in this case. The second reduction process is less well-defined for complex 9, which might suggest a lack of stability of the second reduction product. As suggested for 2, 7 structural rearrangements of the reduced forms of these complexes might take place, resulting in a lack of reversibility of the redox processes.
Proton 38 The CVs are shown in Figures 9 and S8 (Supporting Information). In previously reported studies on Fe−porphyrin complexes, it was observed that upon raising the concentration of acid, the first reduction wave was shifted toward more negative potentials and that the peak current (I pc ) increased linearly as a function of the acid concentration. The reduction process also became irreversible. 39 This behavior is typical of catalytic processes, where the reaction is fast and the current is controlled by the diffusion of the molecules at the electrode's surface. 40, 41 The interpretation was that a monoanion is formed during the first one-electron reduction and then reacts rapidly with protons before subsequently being reduced by a second one-electron reduction. This species in turn combines with a proton to afford molecular hydrogen.
Complexes 1d, 6a, and 8 do not display this catalytic behavior, but instead, a new reduction wave appears upon addition of p-TsOH, between the first and the second reduction peaks, and this wave does not have any anodic counterpart. Its intensity increases with the acid concentration. In order to exclude any contribution of the working electrode to the proton reduction, 42, 43 the same experiment was performed in the absence of catalyst (shown in Figure S9 , Supporting Information). 44a The proton reduction at the glassy carbon electrode in the absence of catalyst occurs at more negative potentials than the peaks observed in the presence of the catalysts and the reduction peaks are broader. Hence, the new peak does not correspond to proton reduction at carbon but is instead indicative of a different mechanism from that observed for the Fe-porphyrin catalysts. 39 The results that have been reported for complexes 1a and 1b are similar to our results for complex 1d measured under the same conditions. The second new reduction wave for complex 1b was assigned by Tilley et al. to an intermediate that was not identified experimentally. 4 Scheme 3 shows their suggested mechanism, based on an original proposal by Pickett. 45 As in the case for Fe− porphyrins, the first reduction wave corresponds to the formation of the first monoanion and its rapid reaction with the acid forming a protonated neutral species (e.g., 1aH), which can then be further reduced to form 1aH − . This species is rapidly protonated a second time, leading to 1aH 2 . 1aH 2 can Thus, three different reduction waves are possible. Based on these findings, we can surmise that complexes 1d, 6a and 8 undergo this type of proton reduction cycle, which involves two distinct reduced/protonated species. The new reduction wave of 1d and 6a appears at concentrations of 5 mM of p-TsOH and above but for complex 8 only above 7.5 mM of acid. The dependence of this new wave on acid concentration is suggestive of a parallel mechanism, such as that proposed by Tilley et al., and that one pathway is favored by high acid concentration. It is also possible that protons are associated only with the dianion produced in the second reduction process but this behavior was shown to occur only with weaker acids than p-TsOH. In the presence of p-TsOH, it is more likely that the protonation step of the monoanion is rapid.
Upon addition of 2.5 mM of p-TsOH, complex 7a displays a first reduction wave at −1.28 V, which could be assigned to both the first one-electron reduction and following protonation, while the second wave at −1.54 V leads to the formation of molecular hydrogen. Upon increasing the concentration of acid, 7a and 7b follow the catalytic pathway of 1d. Apparently, the higher electron density of the Fe centers in compounds 6b and 6d encourages the liberation of hydrogen after the second reduction step or the complex is not able to be further reduced, whereas 1d, with two S atoms, requires a further reduction step before liberating hydrogen. The S−Se complexes 7a and 7b apparently show both reaction pathways, depending on acid concentration. The efficacy of the catalysts can be evaluated by considering the increase in current on addition of acid and also the potentials required to drive the reaction. Evans calculated the standard potential for many different acids which are used to test the electrocatalytic activity of synthetic mimics of [FeFe]-hydrogenase, which depends in each case on the pK a and the solvent. 43 The standard potential for p-TsOH proton reduction in acetonitrile is −0.65 V vs Fc/Fc + . If proton reduction occurs at the same potential as the reduction of the catalyst, the difference between the catalyst's half-wave potential and −0.65 V provides a measure of the decrease in activation energy for the reaction in the presence of a catalyst. These values are reported in Table 3 for The current intensity/acid concentrations proportionality (insets to Figures 9 and S8 , Supporting Information) demonstrate that complexes 1d, 6a,b,d, 7a,b, 8, and 9 are catalysts for proton reduction. The selenium-containing complexes all give larger slopes than complexes containing sulfur alone. For example, comparing the catalytic activity of 1d and 6d ( Figure S10 , Supporting Information), the diselenolatebased [FeFe]-complex 1d is a more effective proton reduction catalyst than the corresponding dithiolate 1d in terms of current produced during the reaction.
■ CONCLUSION
These studies have investigated the role of the chalcogen and the aromatic backbone in determining the properties of [FeFe]-complexes. Electrochemical studies showed that naphthalene and phenanthrene-based dichalcogen ligands confer increased stability to the reduced diiron complexes compared with saturated ligand backbones. The reduction of the diselenolatebased [FeFe]-complexes (6a,b,d and 9) occurred at less negative potentials than those of the corresponding dithiolates (1a,b,d and 8), which led to a decrease in overpotential for proton reduction. This observation, combined with the larger currents measured during proton reduction, demonstrated that the diselenolate-based complexes catalyzed proton reduction more efficiently. However, the diselenolate-based complexes are less stable upon electrochemical reduction than the corresponding dithiolates.
■ EXPERIMENTAL SECTION
Synthesis. Solvents and reagents were purified as follows: n-BuLi was purchased as either 2.5 or 1.6 M solutions in hexane and the solutions titrated with menthol in the presence of 1-(biphenyl-4-yl)-3-phenyl-2-azapropene ("BLUE"). TMEDA was distilled from calcium hydride. p-Toluenesulfonic acid monohydrate was purchased from Aldrich, dehydrated by heating at 100°C for 4 h under vacuum and recrystallized from CHCl 3 . 45 Dry solvents were obtained and purified using a Pure Solv-MD solvent purification system and were transferred under argon. All other reagents and solvents were purchased and used as received from commercial sources. The following cooling baths were used: 0°C (ice/water) and −78°C (dry ice/acetone). All reactions in nonaqueous solvents were carried out under argon in oven-dried glassware. Melting points were determined using open glass capillaries on a Gallenkamp melting point apparatus and are uncorrected. Analytical TLC was carried out on Merck 60 F245 aluminum-backed silica gel plates. Short wave UV (245 nm) and KMnO 4 were used to visualize components. Compounds were purified by flash column chromatography using Merck silica gel 60.
Naphtho [1,8- 13 C, 39.5 ppm). Chemical shifts (δ) are reported in ppm and coupling constants (J) are reported in hertz. The following abbreviations are used to describe multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad; ap, apparent. All coupling constants are reported and averaged. Mass spectra were recorded on a LCT spectrometer utilizing electrospray ionization (recorded in the positive mode) with a methanol mobile phase, or electron impact ionization, and are reported as m/z (%). HRMS were recorded on a LCT spectrometer using lock mass incorporated into the mobile phase. IR spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. UV/vis spectra were recorded on a Cary 50 Scan UV−vis spectrometer.
X-ray Crystallography. Crystals were obtained by slow evaporation of dichloromethane solutions. Suitable crystals were selected and data sets were measured on an Agilent SuperNova diffractometer equipped with an Atlas detector for 6a, 7a, and 9 (λ Cu−Kα = 1.5418 Å) and for 6d_DCM ((λ Mo−Kα = 0.71073 Å) and by the EPSRC UK National Crystallography Service 47 on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating anode generator (λ Mo−Kα = 0.71073 Å) with HF Varimax optics for 1d, 6b, 7b, and 8. Both instruments were equipped with an Oxford Cryosystems Cryostream device with diffraction data collected at 100 K in all cases. Absorption corrections were applied using CrysAlisPro 48 for 6a, 6d_DCM, 7a and 9, using a numerical absorption correction based on Gaussian integration over a multifaceted crystal model for 6a,6d_DCM, and 9 and an empirical absorption correction using spherical harmonics implemented in SCALE3 ABSPACK scaling algorithm for 7a. Empirical absorption corrections were applied using CrystalClear-SM Expert 49 for 1d, 6b, 7b, and 8. The structures were solved by direct methods in SHELXS-97 50 for 1d, 6a,b, 7a, and 8 in SHELXS-2013 50 for 7b and 9 and in SHELXS-2014 50 for 6d_DCM and all were refined by a full-matrix least-squares procedure on F 2 in SHELXL-2013 (SHELXL-2014 for 6d_DCM).
50 All non-hydrogen atoms were refined with anisotropic displacement parameters apart from disordered atoms in 7a (see later comments). The hydrogen atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on the equivalent isotropic displacement parameter (U eq ) of the parent atom. Figures were produced and some structural analysis was carried out using OLEX2. 51 CCDC-996634−996636, 996638−996641, and 1008312 contain the supplementary crystallographic data for 1d, 6a,b, 7a,b, 8, 9, and 6d_DCM, respectively. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/Community/ Requestastructure/pages/Requestastructure.aspx.
1d: Although every effort was made to grow the best possible crystals, the quality of the crystals and thus corresponding diffraction data was poor. It was necessary to choose a thin platelet in order to obtain a single crystal, and this did not diffract well to higher angles. 6b: The crystal was a merohedral twin with the two domains related by 180°about the direct axis [1 0 0]. The scale factor relating the two domains is 0.12.
7a: The sulfur and selenium atoms are both disordered over two positions, with the refined percentage occupancy ratio between the major and minor positions (labeled Se/S and S′/Se′ respectively), being 69.8(3):30.2(3). The minor components, S′ and Se′, were refined isotropically because of their relatively low occupancy.
7b: The structure contains two crystallographically independent molecules, with the corresponding geometric parameters being entirely comparable. The sulfur and selenium atoms in both molecules are both disordered over two positions, with the refined percentage occupancy ratio between the major and minor positions (labeled Se/S and S′/Se′ in molecule 1 and Se1/S1 and S1′/Se1′ in molecule 2, respectively), being 51.1(8):48.9(8) (molecule 1) and 53.0(8):47.0(8) (molecule 2).
8: The structure contains two crystallographically independent molecules, with the corresponding geometric parameters being entirely comparable.
9: The structure contains two crystallographically independent molecules, with the corresponding geometric parameters being entirely comparable. In molecule 2 the carbonyl ligand C116, O106/C16′, O16′ is disordered over two positions with the refined percentage occupancy ratio being 57.4(12):42.6 (12) .
Electrochemistry. Electrochemical studies were performed with a CHI601B electrochemical analyzer (CH Instruments). All measurements were carried out under argon at room temperature in dry CH 3 CN. Tetrabutylammomiun hexafluorophosphate (NBu 4 PF 6 , 0.1 M in CH 3 CN) was used as supporting electrolyte. A conventional three-electrode system was employed. The working electrode was a glassy carbon electrode (diameter: 1.0 mm). Silver/silver nitrate (Ag/ AgNO 3 , 10 mM solution in CH 3 CN) was used as an external reference electrode and a platinum wire was used as auxiliary electrode. Ferrocene was used as an internal reference. All potentials reported in this work are with reference to the Fc/Fc + couple. All cyclic voltammograms were carried out at a scan rate of 0.01 V s −1 . All glassware was cleaned using a 1:1 mixture of ammonia and hydrogen peroxide followed by thorough rinsing with pure water. Glassware was soaked in pure water for 12 h and then rinsed and ovendried overnight. Water used throughout (including solution preparation and rinsing) was purified by a Millipore system (resistivity 18.2 MΩ cm, TOC ≤ 5 ppb). The working electrode was prepared by polishing with aqueous slurries of successively finer grades of alumina powder (1, 0.3, and 0.05 μm, Buehler), followed by rinsing and placing in pure water in an ultrasonic bath for several min, then drying in a stream of argon.
[Fe 2 (CO) 6 12 (0.14 g, 0.28 mmol) in toluene (7.5 mL) was refluxed for 2.5 h under an argon atmosphere. The mixture was cooled to room temperature, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography (hexane) to afford complex 6a (0. 12 (0.51 g, 1.02 mmol) in toluene (27 mL) was refluxed for 4 h under an argon atmosphere. The mixture was cooled to room temperature, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography (hexane) to afford complex 7b (0. under an argon atmosphere. The yellow mixture was stirred for 1 h at −30°C and then allowed to warm to room temperature. nBuLi in hexane (3.50 mL of a 1.68 M solution in hexane, 5.83 mmol) and TMEDA (0.87 mL, 5.83 mmol) were added dropwise over 30 min to the mixture, and the resulting dark red solution was heated at 60°C for 3 h. The mixture was cooled to −78°C and diluted with THF (10 mL). Se (1.20 g, 15.6 mmol) was added in one portion, and the mixture was stirred overnight at room temperature under an argon atmosphere. The mixture was added to H 2 O (20 mL), and the two layers were separated. The organic layer was washed with brine (20 mL), dried over MgSO 4 , filtered, concentrated under reduced pressure, and purified by column chromatography (hexane) to give the title compound (0.09 g, 14%) as dark purple solid: R f 0. 
